Aim: To examine the mechanisms underlying the effects of atorvastatin on glucose and lipid metabolism. Methods: Mice with insulin resistance and obesity induced by monosodium glutamate (MSG) were used. Atorvastatin (80 mg·kg -1 ·d -1 ) or vehicle control treatment was given orally once a day for 30 days. Plasma levels of total cholesterol, triglycerides, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and free fatty acids were monitored. Serum insulin and glucose concentrations were used to calculate the insulin resistance index and insulin sensitivity index using a homeostasis model. Body length, waistline circumference, intraperitoneal adipose tissue mass, and total body mass were measured. Semi-quantitative RT-PCR and Western analysis were used to determine the expression of inflammatory factors and proteins involved in inflammation signaling pathways. Results: Atorvastatin improved insulin sensitivity, ameliorated glucose tolerance, and decreased plasma levels of total cholesterol, triglycerides, LDL-C, HDL-C and free fatty acids. Semi-quantitative RT-PCR and Western analysis revealed increased expression of interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α) in serum and adipose tissue in MSG obese mice. Atorvastatin treatment decreased expression of IL-6, TNF-α, nuclear factor κB (NF-κB) and I-kappa-B (IκB) kinase-β, but increased the expression of IκB, in adipose tissue. Conclusion: Atorvastatin is a potential candidate for the prevention and therapy of diseases associated with insulin resistance such as type 2 diabetes mellitus and cardiovascular disease. One possible mechanism underlying the effects of atorvastatin on glucose and lipid metabolism may be to ameliorate a state of chronic inflammation.
Introduction
Obesity is frequently associated with metabolic syndrome, a disease state that includes glucose intolerance, insulin resistance, hypertension, hypertriglyceridemia, low level of highdensity lipoprotein cholesterol (HDL-C), and type 2 diabetes mellitus (T2DM) [1] . Low-grade inflammation is associated with insulin resistance and precedes the onset of T2DM in obese individuals [2] . Adipose tissue is an important endocrine organ that regulates the insulin sensitivity of other peripheral insulin target tissues [3] . Excess adipose tissue, especially in the visceral compartment, results in excess secretion of peptide hormones and cytokines, which leads to whole-body insulin resistance and predisposes to T2DM [4] . Tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), and monocyte chemotactic protein 1 (MCP-1) are some of the inflammatory signaling molecules that may contribute to insulin resistance. TNF-α may enhance Ser 307 phosphorylation of insulin receptor substrate 1 (IRS-1) proteins or other downstream effectors of the insulin signaling cascade that play negative regulatory roles in insulin action. Serine phosphorylation impairs insulin-stimulated tyrosine phosphorylation of IRS proteins, uncouples insulin signal transduction, and has been implicated in the development of insulin resistance [5] [6] [7] . Previously, Hong [8] implicated the signaling pathway of the transcription factor, nuclear factor κB (NF-κB), in the induction of insulin resistance. I-kappa-B (IκB) kinase (IKK) plays an important role in this pathway. IKKs, together with their upstream activating kinases, mediate signaling to NF-κB from a diverse array of stimuli, including TNF-α. TNF-α activates IKKs, which can in turn phosphorylate IκBs (the inhibitors of NF-κB) and activate NF-κB. Increased NF-κB activity upregulates multiple inflammatory factors that aggravate insulin resistance [9] . Statins, the inhibitors of 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMG-CoA) appear to have a number of potentially beneficial effects [10] , some of which are indepen- [11] . By reducing the activity of this stimulator of IKK signaling, the anti-inflammatory consequences of statins may have benefits in insulin resistance. Therefore, we investigated the effects of atorvastatin, an HMG-CoA reductase inhibitor, on insulin resistance, glucose concentration, and lipid levels in an insulin-resistant mouse model of obesity.
Materials and methods

Reagents
Atorvastatin was obtained from Aifeimu Chemical Co (Zhejiang, China). Monosodium glutamate (MSG) was obtained from Huaboyuan Technologic Development Center (Beijing). RNA in protection liquid was from Applygen Technologies (Beijing). TRIzol reagent, random hexamer primers, and Superscript II reverse transcriptase were obtained from Invitrogen (Carlsbad, CA). Primary antibodies for NF-κB p65 and IκB-α were from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). All other regents used in this paper were from Sigma Aldrich (St Louis, MO).
Animals and experimental protocol
Pregnant ICR mice were purchased from the Experimental Animal Center, Chinese Academy of Medical Sciences (Beijing), and cared for in accordance with the standards for laboratory animals established by the People's Republic of China (GB14925-2001). Monosodium glutamate (MSG) was subcutaneously injected in neonatal mice at 4 g/kg body weight once daily for 7 consecutive days after birth to induce obesity. Only mice with impaired insulin tolerance were used in this study [12] . Female and 6 months mice were divided into two groups (n=8 mice each) for treatment with vehicle (water) or atorvastatin (80 mg/kg), by oral administration. Treatment was given orally for 30 consecutive days, and mice underwent an insulin tolerance test (ITT) and oral glucose tolerance test (OGTT) and monitoring for plasma levels of cholesterol and triglycerides. On the last day of the experiment, mice were sacrificed by decapitatation. Plasma was collected for measurement of LDL-C, HDL-C, IL-6, and TNF-α. Body length, whole body mass, intraperitoneal adipose mass and waistline circumference were measured. The waistline index (waistline to body length) was calculated. Samples of plasma and adipose tissue were stored at -70 °C. Intraperitoneal adipose tissue was stored in an RNA protection liquid, RNA in , at -70 °C for later semi-quantitative RT-PCR analysis. Eight female ICR mice were used as normal non-obese controls.
Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) After 10 days of oral atorvastatin treatment, obese mice were fasted 2 h before the OGGT. Two hours after atorvastatin (80 mg/kg) or vehicle (water) treatment, initial blood samples were drawn. Then, glucose (2 g/kg) was administered orally. Subsequent blood samples were taken at 0, 30, 60, and 120 min. The ITT was preceded by 20 days of atorvastatin or vehicle treatment. Fasted mice were given 0.4 U of insulin intraperitoneally, and then blood samples were taken at 0, 40, and 90 min. Plasma glucose concentrations were measured by the glucose oxidase method. The areas under the curve (AUC) from blood glucose recordings were calculated.
Biochemical analysis
Plasma levels of total cholesterol, triglycerides, LDL-C, HDL-C, and free fatty acids (FFAs) were determined by enzymatic colorimetric methods with commercial kits (Biosino BioTechnology and Science Inc, Beijing). Plasma insulin (PI) was measured with a radioimmunoassay kit (Chinese Institute of Atomic Energy, Beijing). Adipose tissue samples were homogenized in ice-cold PBS buffer containing 10 mmol/L sodium fluoride, 10 μg/mL leupeptin, and 10 μg/mL aprotinin and centrifuged at 14 000×g for 15 min and the supernatants were collected for assay. The concentrations of TNF-α and IL-6 in plasma and adipose tissue were measured with a radioimmunoassay kit (North TZ-Biotech, Beijing).
Insulin resistance and insulin sensitivity index calculations
The homeostasis model assessment was used to calculate the insulin resistance (HOMA-IR) index and insulin sensitivity index (ISI) using the values of fasting plasma glucose (FPG) and PI as follows: ISI=1/(FPG×PI)×1000, with FPG expressed as mg/dL and PI as mU/L; HOMA-IR=FPG×PI/22.5, with FPG expressed as mmol/L and PI as mU/L.
RNA preparation and semi-quantitative RT-PCR
Total RNA was isolated from mouse adipose tissue with TRIzol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized from 5 μg of total RNA with random hexamer primers and Superscript II reverse transcriptase (Invitrogen). The reaction mixture was amplified with primers specific for inflammatory factors and proteins (Table 1) in a total volume of 20 μL. Linearity of the PCR amplification was tested with amplification cycles between 32 and 40. The PCR products were analyzed on a 2% agarose gel, and the intensity of the corresponding bands was determined using a Kodak image station 440CF and 1D image analysis software (Eastman Kodak; Rochester, NY). mRNA expression of the genes was normalized to that of GAPDH [13] .
Adipose tissue homogenization and Western analysis
Adipose tissue samples were homogenized in ice-cold buffer containing 50 mmol/L HEPES (pH 7.6), 150 mmol/L sodium chloride, 20 mmol/L beta-glycerophosphate, 10 mmol/L sodium fluoride, 2 mmol/L EDTA, 10% glycerol, 1 mmol/L magnesium chloride, 1 mmol/L calcium chloride, 10 μg/mL leupeptin, and 10 μg/mL aprotinin. Tissue homogenates were clarified by centrifugation at 14 000×g for 15 min, and protein concentrations in the supernatant were determined with a Proteins were visualized by chemiluminescence reactions, and the intensity of the corresponding bands was analyzed with a Kodak image station 440CF and 1D image analysis software (Eastman Kodak). The expression of proteins was normalized to that of GAPDH [14] .
Statistical analysis
Results are presented as means±SEM. Statistical significance of differences was assessed by ANOVA, followed by the t-test. P<0.05 was considered statistically significant. All analyses were performed using SPSS version 13.0.
Results
Insulin tolerance
Plasma glucose levels after insulin injection were significantly lower in the obese mice treated with atorvastatin (80 mg/kg) than those in the vehicle-treated control obese mice at all times tested. As shown in Figure 1B the mean AUC for glucose was significantly reduced after atorvastatin treatment, compared to the control treatment (n=8, P<0.01, Figure 1 ).
Oral glucose tolerance
Compared to the control treatment, atorvastatin treatment produced lower blood glucose concentrations before and 30, 60 and 120 min after glucose loading (Figure 2A) , and reduced the mean glucose AUC ( Figure 2B ).
Effect of atorvastatin on plasma lipid profile
On day 12, obese mice treated with atorvastatin showed significantly lower plasma levels of total cholesterol, LDL-C and HDL-C than the control obese mice (P<0.01). The atorvastatin treated mice also had markedly lower levels of triglycerides and FFAs (P<0.05, Table 2 ).
Characteristics of MSG-induced obese mice
The physical characteristics of the normal non-obese mice and the obese mice treated with either atorvastatin or vehicle control are shown in Table 3 . Normal non-obese mice were lean and had a smaller waistline circumstance, body weight and smaller waistline index than MSG-induced obese mice treated with vehicle control (P<0.01). Vehicle control-treated obese mice had more intraperitoneal fat and a greater intraperitoneal fat index than did non-obese mice (P<0.01). Atorvastatin treatment had no effect on body weight, body length, waistline, or intraperitoneal fat weight and index as compared with vehicle control treatment in obese mice.
Effect of atorvastatin on inflammatory factors in plasma and adipose tissue
The concentrations of IL-6 and TNF-α in serum and adipose GAPDH  5′-AGGTCGGTGTGAACGGATTTG-3′  5′-TGTAGACCATGTAGTTGAGGTCA-3′  NF-κB p65  5′-AGGCTTCTGGGCCTTATGTG-3′  5′-TGCTTCTCTCGCCAGGAATAC-3′  IκB-α  5′-TGAAGGACGAGGAGTACGAGC-3′  5′-TTCGTGGATGATTGCCAAGTG-3′  IKK-β  5′-ACAGCCAGGAGATGGTACG-3′  5′-CAGGGTGACTGAGTCGAGAC-3′  TNF-α  5′-CCCTCACACTCAGATCATCTTCT-3′  5′-GCTACGACGTGGGCTACAG-3′  IL-6 5′-TAGTCCTTCCTACCCCAATTTCC-3′ 5′-TTGGTCCTTAGCCACTCCTTC-3′ Table 4 . The serum concentration of IL-6 and TNF-α in vehicle control-treated obese mice was similar to that in normal non-obese mice. The atorvastatin-treated obese mice showed no difference in content from the vehicle-control treated obese mice. The adipose-tissue concentrations of IL-6 and TNF-α were significantly greater in vehicle-treated control obese mice than in normal non-obese mice (n=8, P<0.01). Thirty-day atrovastatin treatment produced significantly lower adipose-tissue concentrations of IL-6 and TNF-α compared to vehicle control treatment in the obese mice (n=8, P<0.05).
Homeostasis model assessment of insulin resistance (HOMA-IR) index and insulin sensitivity index (ISI)
The calculated values for the insulin resistance index and insulin sensitivity index are shown in Table 5 . Fasting serum insulin levels were significant higher in vehicle treated control obese mice than in normal non-obese mice. The HOMA-IR index was also higher in vehicle treated control mice than in normal non-obese mice (n=8, P<0.001). The ISI for vehicle treated control mice was lower than that for normal non-obese mice (n=8, P<0.001). Atorvastatin treatment decreased the HOMA-IR index and increased the ISI compared to vehicle control treatment in obese mice (P<0.05, P<0.01, respectively) ( Table 5) .
Semi-quantitative RT-PCR analysis of inflammatory factors
A semi-quantitative analysis of the expression of factors involved in inflammation pathways are shown in Figure 3 . The expression of TNF-α and IL-6 was higher in the vehicletreated control obese mice than in normal non-obese mice ( Figure 3B, 3C) , and the expression of IκB was lower in vehicle treated obese controls than in normal non-obese mice (Figure 3E ). Atorvastatin treatment decreased the expression of TNF-α, IL-6, NF-κB, and IKK-β (P<0.01, P=0.08, P<0.05, P<0.01, respectively) and enhanced of the expression of IκB Waistline index=waistline circumference/body length. Intraperitoneal fat index is intraperitoneal fat/body weight. (Figure 3 ).
Western blot analysis of NF-κB p65 and IκB-α
The level of NF-κB p65 and IκB-α proteins were analyzed by Western blot analysis, and the results shown in Figure 4 . The protein level of NF-κB was higher in vehicle treated control obese mice than in normal non-obese mice. Atorvastatin treatment reduced the protein level of NF-κB in obese mice compared to vehicle-treated control mice (P<0.05, Figure 4A , 4B). The level of IκB-α protein was lower in vehicle treated controls than in normal non-obese mice, and atorvastatin treatment enhanced the protein expression of IκB-α in obese mice (P<0.05, Figure 4A , 4C). 
Discussion
Insulin resistance is the critical pathological feature of type 2 diabetes mellitus, obesity, metabolic syndrome, and aging [15] . Although the precise pathogenesis of insulin resistance remains ill-defined, several factors have been proposed to have a role in this process, such as adipokines, defects in the insulin signaling pathway, mitochondrial dysfunction and inflammation [16, 17] . In the past few years it has been shown clearly that obesity, along with diabetes, is characterized by a state of chronic low-grade inflammation [18] [19] [20] , implying that approaches designed to improve state of chronic low-grade inflammation should be useful in attenuating insulin resistance with obesity.
The effects of statins on insulin sensitivity had been reported in the past years, simvastatin and atorvastatin may improve insulin sensitivity in diabetic patients [21] ; however, others have reported that simvastatin either did not change or worsened insulin sensitivity in diabetic patients [22, 23] . And there are no reports exist of their mechanism of action in insulin resistance, obesity animal models. We investigated the effect of atorvastatin on glucose metabolism and insulin resistance and the mechanism of action in MSG-induced obese mice, a model of T2DM with obesity, hyperinsulinemia, insulin resistance, hyperlipidemia and hyperglycemia [24] . Atorvastatin significantly inhibited the plasma glucose and decreased the plasma insulin level and the HOMA-IR index but increased the ISI in obese mice. These findings suggest that atorvastatin may improve insulin resistance in MSG-induced obese mice.
As mentioned before, mounting evidence indicates that adipose tissue is an important cytokines-secretory organ [25] and that adiposity contributes to a chronic state of systemic inflammation [26] . Actually, the molecular connection between obesity and inflammation was documented in 1993, after the demonstration of enhanced expression of TNF-α in adipose tissue of obese rodents, and more importantly, the amelioration of insulin sensitivity after neutralization of this multi-potent inflammatory cytokine. Inflammatory mediators derived from adipose tissue and increased in level in obesity include IL-6, IL-1β, and monocyte MCP-1 [27, 28] . Further, growing evidence suggests that, similar to TNF-α, these and other inflammatory molecules negatively affect insulin sensitivity through activation of NF-κB, a transcription factor, which triggers the production of numerous inflammatory mediators such as TNF-α and IL-6. These factors can sustain and heighten inflammatory activation, thus leading to local and systemic insulin resistance [29] . In our study, atorvastatin significantly decreased the secretory level of TNF-α and IL-6 in adipose tissue. This finding suggests that atorvastatin may inhibit the generation of inflammatory factors, thereby improving insulin resistance Furthermore, atorvastatin decreased the mRNA level of TNF-α and IL-6 but not significantly (P=0.08) in adipose tissue, which is consistent with the results of their secretory levels in adipose tissue. In addition, atorvastatin significantly decreased the expression of IKK-β and NF-κB and increased that the expression of the inhibitor of NF-κB, IκB-α. IKK-β is an important kinase that can affect insulin signaling through serine phosphorylation of IRS-1 and by phosphorylation of IκB-α, which leads to stimulation of the NF-κB pathway. IκB -α inhibits the transcriptional activity of NF-κB in the cytoplasm by preventing the nuclear translocation of NF-κB. In the nucleus, it dissociates NF-κB from DNA and transports it back to the cytoplasm [30] . To further support the mechanism of atorvastatin action through inflammatory factors, we analyzed the protein level of NF-κB and IκB-α and found that atorvastatin significantly reduced the level of NF-κB protein and increased protein levels of IκB-α. These findings support our hypothesis that atorvastatin inhibits the activity of IKK-β and NF-κB, and increases that of IκB-α, which inhibits the activity of NF-κB. Thus, atorvastatin reduced inflammatory factor activation and improved insulin resistance in MSG-induced obese mice.
Results from our study and that of others raise questions about the effects in humans being treated with approved doses of atorvastatin. We chose doses of atorvastatin comparable to those used for treatment of hypercholesterolemia in humans. The dose of 80 mg·kg -1 ·d -1 for mice is estimated to be slightly higher than the maximal approved dose for humans. Atorvastatin has a high LD 50 (5000 mg/kg) in the mice [31] so the dose used was safe for the mice in our study. Atorvastatin can adversely affect liver function in some patients with liver dysfunction [32] . In our study, we also assayed AST and ALT levels in serum and found the liver function of MSGinduced obese mice with atorvastatin treatment had no difference from that of the treated control mice (data not shown). Interesting, we found a decrease in plasma HDL-cholesterol after atorvastatin treatment. This result seems to be conflicting with other reports about the role of increasing HDL with atorvastatin. However, compared to humans, mice and rats transport most of their serum cholesterol in the HDL-C fraction, not the LDL-C fraction [33] . In this mouse model, when atorvastatin decreased the plasma level of total cholesterol, the plasma level of HDL was decreased. However, we have used the mice with MSG-induced obesity as a model of obesityassociated insulin resistance for many years, and many characteristics of this animal model have a striking resemblance to human disease. The most important characteristic of such mice is abdominal obesity. A large amount of abdominal fat in MSG-induced obese mice with insulin resistance could be related to chronic inflammation, so MSG-induced obese mice are suitable for study of the effect of atorvastatin on improving insulin resistance to ameliorate the state of chronic inflammation and inhibit the activity of proteins in the inflammatory pathway.
In conclusion, atorvastatin treatment decreased lipid levels, improved glucose metabolism after glucose loading, and improved insulin resistance in MSG-induced obese mice. Possible mechanisms of the improved glucose metabolism with atorvastatin treatment may include ameliorating the state of chronic inflammation by inhibiting synthesis of inflammatory factors through inhibiting the expression of NF-κB and IKK-β, as well as increasing the expression of IκB-α in adipose tissue.
